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0DQXIDFWXULQJ SDUDGLJP LV VKLIWLQJ IURP SURGXFWLRQFHQWULF WR VHUYLFHRULHQWHG WRPHHW HPHUJLQJ UHTXLUHPHQWV VXFK DV KLJKO\ FXVWRPL]HG
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SURFHVVHVLVIRFXVHGDQGDQDO\]HGLQWKHFRQWH[WRIHQYLURQPHQWDOLPSDFW$SUHOLPLQDU\VWXG\LVFRQGXFWHGRQD'SULQWLQJSURFHVVZKHUH
HQHUJ\ LVGLYLGHG LQWR WZRSDUWVSULPDU\DQGVHFRQGDU\HQHUJ\(QHUJ\PRGHOVZHUH WKHQSURSRVHG IRUHDFKSDUWSURYLGLQJD IXQGDPHQWDO
DSSURDFKIRUHQHUJ\HVWLPDWLRQDQGRSWLPL]DWLRQDQGVXEVHTXHQWO\LPSURYLQJDFWXDOSURGXFWLRQVHWWLQJVDQGVXSSRUWLQJ'SULQWLQJSURGXFW
UHGHVLJQ7KHILQGLQJVUHSRUWHGLQWKLVUHVHDUFKIRUPDQLPSRUWDQWNQRZOHGJHSLHFHZKLFKFRPSOHPHQWVOLIHF\FOHDVVHVVPHQWRI'SULQWLQJ
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,QWURGXFWLRQ
0DQXIDFWXULQJ D IXQGDPHQWDO LQGXVWU\ WR SURYLGH SHRSOH
ZLWK GDLO\XVH SURGXFWV DQG VHUYLFHV KDV EHHQ UHYLWDOL]HG LQ
UHFHQW \HDUV $ QXPEHU RI VWUDWHJLF ORQJWHUP GHYHORSPHQW
SURJUDPVZHUHODXQFKHGDWWKHQDWLRQDORULQWHUQDWLRQDOOHYHO
VXFK DV $FFHOHUDWLQJ 86 $GYDQFHG 0DQXIDFWXULQJ
,QGXVWULH  LQ *HUPDQ\ +RUL]RQ  LQ (XURSHDQ
8QLRQ DQG &KLQD 0DQXIDFWXULQJ  $OO WKHVH SODQV
WDUJHWDWKLJKHQGPDQXIDFWXULQJWHFKQRORJLHVWRDFKLHYHKLJK
LQWHOOLJHQFH IRU DXWRQRPRXV SURGXFWLRQ IOH[LELOLW\ IRU
SHUVRQDOL]HG SURGXFWV DQG HQYLURQPHQWIULHQGO\
PDQXIDFWXULQJ 0HDQZKLOH OLYLQJ D ORZFDUERQ OLIH KDV
EHHQZLGHO\UHVSHFWHGDQGLVJUDGXDOO\DGRSWHGE\WKHSXEOLF
WKXV HQHUJ\ FRQVXPSWLRQ LQ FRUUHVSRQGLQJ PDQXIDFWXULQJ
SURFHVVHV DWWUDFWVPRUH DWWHQWLRQ0DQ\ UHVHDUFKZRUNV KDYH
EHHQ UHSRUWHG DQDO\]LQJ PRGHOLQJ RU RSWLPL]LQJ HQHUJ\
XWLOL]DWLRQ >@ +RZHYHU PRVW RI WKHP VWXGLHG WKH
WUDGLWLRQDO PHWDOFXWWLQJ SURFHVVHV /LPLWHG HQHUJ\UHODWHG
UHVHDUFK LV FRQGXFWHG RQ HPHUJLQJ PDQXIDFWXULQJ
WHFKQRORJLHV
'SULQWLQJ DOVR UHIHUUHG WR DV DGGLWLYHPDQXIDFWXULQJ LQ
PDQ\ FDVHV LV D JOREDOIHDWXUHG WHFKQRORJ\ ,WV HPHUJHQFH
DQG \HDU GHYHORSPHQW SURPLVHV D PRUH LQWHOOLJHQW
VXVWDLQDEOH DQG FRVWHIIHFWLYH DSSURDFK WR PDNH KLJKO\
FXVWRPL]HG SURGXFWV 7KH H[SDQVLRQ RI ' SULQWLQJ LQWR
FRPPHUFLDO DQG LQGXVWULDO SURGXFWLRQ DFKLHYHG VLJQLILFDQW
VFDOH $FFRUGLQJ WR:RKOHUV $VVRFLDWHV WKH PDUNHW IRU '
SULQWHUV DQG VHUYLFHV ZDV ZRUWK  ELOOLRQ ZRUOGZLGH LQ
XSIURP>@,WLVDOVRUHFRJQL]HGWKDWWKHUHDO
LQWHJUDWLRQ RI DGGLWLYH WHFKQRORJLHV LQWR FRPPHUFLDO
SURGXFWLRQ LV PRUH D PDWWHU RI FRPSOHPHQWLQJ WUDGLWLRQDO
VXEWUDFWLYH WHFKQRORJLHV UDWKHU WKDQGLVSODFLQJ WKHPHQWLUHO\
2QRQH KDQG LQGXVWULDO XVH RI 'SULQWLQJ VKRUWHQV SURGXFW
GHYHORSPHQWOHDGWLPHDQGPDQXIDFWXULQJF\FOHIRUH[DPSOH
D NH\ DHURHQJLQH FRPSRQHQW SURGXFHG E\ *HQHUDO (OHFWULF
*( &KLQD 7HFKQRORJ\ &HQWUH ZDV SULQWHG ZLWK 
UHGXFWLRQ LQ SURGXFWLRQ FRVW DQG  LQ OHDG WLPH 2Q WKH
RWKHUKDQGFRQVXPHUXVHRI'SULQWLQJHQDEOHVSHUVRQDOL]HG
SDUW DQG UDSLG VDPSOH IDEULFDWLRQ ZKLFK KDV HYHQ ODUJHU
DSSOLFDWLRQSRWHQWLDOV
$OWKRXJK D PRUH H[WHQVLYH DGRSWLRQ RI ' SULQWLQJ LV
IRUHVHHDEOH DQG SURPLVLQJ LWV DFFXPXODWHG HQYLURQPHQWDO
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LPSDFW SDUWLFXODUO\ HQHUJ\HIILFLHQW SHUIRUPDQFH ZRXOG EH
DQ LPSRUWDQWPDWWHU LI QR FDUHIXO VWXG\ LV FRQGXFWHG ,Q WKLV
SDSHU HQHUJ\XWLOL]DWLRQ LQ'SULQWLQJSURFHVVHV LV IRFXVHG
DQG DQDO\]HG 7KH UHPDLQGHU RI WKH SDSHU LV RUJDQL]HG DV
IROORZV6HFWLRQSUHVHQWVDEULHILQWURGXFWLRQRI'SULQWLQJ
WHFKQRORJ\ DQG DQ XSWRGDWH OLWHUDWXUH VXUYH\ RI LWV
VXVWDLQDELOLW\ UHVHDUFK $ GHWDLOHG HQHUJ\ FRQVXPSWLRQ RI D
' SULQWLQJ FRQVLVWV RI WZR HQHUJ\ SDUWV LV DQDO\]HG LQ
6HFWLRQ  6XEVHTXHQWO\ LW LV VXJJHVWHG WR LQFOXGH HQHUJ\
FRQVXPSWLRQLQWKHPXOWLREMHFWLYHGHFLVLRQPDNLQJSURFHVVHV
LQ 6HFWLRQ  DQG WKH ILQGLQJV LQ WKLV SDSHU DUH VXPPDUL]HG
DQGKLJKOLJKWHGLQ6HFWLRQZLWKIXWXUHZRUNVLQSODQ
6WDWHRIWKHDUW
$IRUPDOGHILQLWLRQRIDGGLWLYHPDQXIDFWXULQJ LVJLYHQE\
$PHULFDQ 6RFLHW\ IRU 7HVWLQJ DQG 0DWHULDOV $670
&RPPLWWHH ) DV ³a process of joining materials to make 
objects from 3D model data, usually layer upon layer, as 
opposed to subtractive manufacturing methodologies´ DQG
'SULQWLQJ LVGHILQHGDV ³the fabrication of objects through 
the deposition of a material using a print head, nozzle, or 
another printer technology, often used synonymously with 
additive manufacturing´ >@ 9DULRXV WHFKQRORJLHV ZHUH
GHYHORSHG LQFOXGLQJ )XVHG 'HSRVLWLRQ 0RGHOLQJ )'0
%LQGHU -HWWLQJ %- 6HOHFWLYH /DVHU 6LQWHULQJ 6/6 6WHUHR
/LWKRJUDSK\ $SSDUDWXV 6/$ /DPLQDWHG 2EMHFW
0DQXIDFWXULQJ /20 DQG /DVHU (QJLQHHUHG 1HW 6KDSLQJ
/(16>@
7DNH)'0DVDQH[DPSOH$SULQWHGSDUWLVW\SLFDOO\EXLOW
OD\HU XSRQ OD\HU XVLQJ SODVWLF ILODPHQW RU PHWDO ZLUH
XQZRXQGIURPDFRLO)LJXUHGHSLFWVDVFKHPDWLFGLDJUDPRI
D 'SULQWHU7KHPRYHPHFKDQLVP XVHG LV RIWHQ DQ;<=
UHFWLOLQHDU GHVLJQ UHVHPEOLQJ D[LV &1& PDFKLQH WRROV
DOWKRXJK RWKHU PHFKDQLFDO GHVLJQV DUH DOVR DYDLODEOH HJ
GHOWDURERW'SULQWHUV

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2.1. Sustainability benefits 
,Q JHQHUDO ' SULQWLQJ SURFHVVHV SRVVHVV EHWWHU
HQYLURQPHQWDO FKDUDFWHULVWLFV >@ 6LQFH WKH\ RQO\ XWLOL]H WKH
DPRXQWRIPDWHULDOUHTXLUHGWRFRQVROLGDWHWKHILQDOSDUWDQG
LQ VRPH FDVHV D VPDOO DPRXQW RI VXSSRUW VWUXFWXUH WKH\ DUH
KLJKO\ UHVRXUFHHIILFLHQW DQG UHGXFH WKH EX\WRIO\ UDWLR
GUDVWLFDOO\>@,QWHUPVRIORZFDUERQWKHUHDUHILYHSULPDU\
HQYLURQPHQWDOEHQHILWV>@DVIROORZV

5HGXFHG DPRXQW RI UDZ PDWHULDO UHTXLUHG LQ WKH VXSSO\
FKDLQ+HQFHPLQLQJDQGSULPDU\PDWHULDORUHVSURFHVVLQJ
LVUHGXFHG
5HGXFHG QHHG IRU HQHUJ\LQWHQVLYH PDQXIDFWXULQJ
SURFHVVHVVXFKDVFDVWLQJDQGZDVWHIXOKDUPIXOPDWHULDOV
VXFKDVFXWWLQJIOXLGVLQ&1&PDFKLQLQJ
 )OH[LELOLW\WRGHVLJQPRUHHIILFLHQWFRPSRQHQWVZLWKEHWWHU
RSHUDWLRQDOSHUIRUPDQFH
5HGXFHG WKH ZHLJKW RI SURGXFWV FRQWULEXWH WR FDUERQ
IRRWSULQWLPSURYHPHQWLQVHUYLFHRQWKHYHKLFOHLQWRZKLFK
WKH\DUHLQWHJUDWHGVXFKDVDLUFUDIW
 3DUWV FRXOG EH PDQXIDFWXUHG FORVHU WR WKH SRLQW RI
FRQVXPSWLRQUHGXFLQJWKHHQHUJ\FRQVXPSWLRQLQORJLVWLFV

$OLWHUDWXUHUHYLHZRIVRFLHWDOLPSDFWFRQGXFWHGE\+XDQJ
HW DO >@ FRQILUPHG PDQ\ SRVLWLYH LPSDFWV RI ' SULQWLQJ
SURFHVVHV LQFOXGLQJ UHGXFHG HQYLURQPHQWDO LPSDFW EXW DOVR
LGHQWLILHGWKDWPRUHUHVHDUFKLVQHHGHGWRDFFXUDWHO\HYDOXDWH
WKH HQHUJ\ FRQVXPSWLRQ RI YDULRXV SURFHVVHV ([LVWLQJ
UHVHDUFK RQ VXVWDLQDELOLW\ SHUIRUPDQFH RI ' SULQWLQJ
SURFHVVHVLVEULHIO\UHYLHZHGLQQH[WVHFWLRQ
2.2. Energy-related research 
7KH VWXG\ E\*XWRZVNL HW DO >@ VKRZHG WKDW HPHUJLQJ
SURFHVVHV ZHUH FDSDEOH RI ZRUNLQJ WR ILQHU GLPHQVLRQV DQG
VPDOOHUEDWFKHVEXWDWORZHUUDWHVZKLFKUHVXOWHGLQYHU\ODUJH
VSHFLILFHQHUJ\UHTXLUHPHQW7KH\VWDWHG WKDW³WKHVHHPLQJO\
H[WUDYDJDQW XVH RI PDWHULDOV DQG HQHUJ\ UHVRXUFHV E\ PDQ\
QHZHUPDQXIDFWXULQJ SURFHVVHV LV DODUPLQJ DQG QHHGV WR EH
DGGUHVVHG´'UL]RDQG3HJQD >@SURYLGHGDFRPSUHKHQVLYH
UHYLHZ RI HQYLURQPHQWDO LPSDFW DVVHVVPHQW RI H[LVWLQJ
DGGLWLYH WHFKQRORJLHV ZLWK DQ HPSKDVLV RQ SRUWDEOH
PHDVXUHPHQW DQG HYDOXDWLRQPHWKRGV 7KH\ GLVFXVVHG VRPH
LPSRUWDQW XQUHVROYHG LVVXHV VSHFLILFDOO\ ZLWK UHVSHFW WR
PDWHULDOVGXHWRWKHODFNRIDYDLODEOHGDWD
$Q LQLWLDWLYH NQRZQ DV &RRSHUDWLYH (IIRUW RQ 3URFHVV
(PLVVLRQV LQ 0DQXIDFWXULQJ &23( FRRUGLQDWHV
LQWHUQDWLRQDOHIIRUWVWRDQDO\]HDQGLPSURYHWKHHQYLURQPHQWDO
LPSDFWIRUDZLGHUDQJHRIHPHUJLQJPDQXIDFWXULQJSURFHVVHV
ZLWKUHVSHFW WR WKHLUGLUHFWDQGLQGLUHFWHPLVVLRQV>@,Q WKLV
IUDPHZRUN.HOOHQHWDOSRLQWHGRXWWKDWTXDQWLWDWLYHDQDO\VHV
RI HQYLURQPHQWDO LPSDFW LV VWLOO OLPLWHG DQG SURSRVHG D
V\VWHPDWLF /LIH &\FOH ,QYHQWRU\ /&, GDWD FROOHFWLRQ
DSSURDFK>@%DVHGRQVXFKDQDSSURDFKWKH\GHVFULEHGWKH
GHYHORSPHQW RI SDUDPHWULF SURFHVV PRGHO WR HVWLPDWH
HQYLURQPHQWDO LPSDFW RI 6/6 SURFHVVHV DQG IRXQG WZR
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GRPLQDQWGHVLJQIHDWXUHVLQIOXHQFLQJHQHUJ\FRQVXPSWLRQLH
EXLOG KHLJKW DQG YROXPH >@ 6UHHQLYDVDQ DQG %RXUHOO DOVR
SUHVHQWHGDVXVWDLQDELOLW\VWXG\RQ6/6SURFHVVHV>@ZKHUH
IRXUFRPSRQHQWEDVHGHQHUJ\VHJPHQWVZHUHFDOFXODWHG7KH\
DUH HQHUJ\ FRQVXPSWLRQ RI FKDPEHU KHDWHU  VWHSSHU
PRWRUV  UROOHU GULYHV  DQG ODVHU WUDQVPLWWHU 
/DWHUWKH\UHSRUWHGDQRWKHUH[SHULPHQWDOVWXG\ZLWKDVLPLODU
HQHUJ\ SURSRUWLRQV DQG VXJJHVWHG WR GHYHORS DQ LPSURYHG
KHDW PDQDJHPHQW V\VWHP RU DGRSW HQHUJ\HIILFLHQW ODVHU
WUDQVPLWWHUIRUOHVVHQHUJ\XWLOL]DWLRQ>@
:HLVVPDQ DQG*XSWD >@ FRQGXFWHG D FRPSDULVRQ VWXG\
RI HLJKW GLIIHUHQW PDQXIDFWXULQJ SURFHVVHV LQFOXGLQJ )'0
6/6 &1& PDFKLQLQJ LQMHFWLRQ PROGLQJ DQG IRUPLQJ 7KH
UHVXOWV LQGLFDWHG WKH HQHUJ\ FRQVXPSWLRQ RI )'0 DQG 6/6
KHDYLO\UHOLHVRQWKHYROXPHRIWKHSURGXFWV0RJQROHWDO>@
LQYHVWLJDWHGRSWLPDOSDUDPHWHU VHOHFWLRQZLWK WKHSXUSRVHRI
UHGXFLQJHQHUJ\FRQVXPSWLRQ7KH\ WHVWHGYDULRXVSDUDPHWHU
FRPELQDWLRQV SDUW RULHQWDWLRQV DQG SRVLWLRQV LQ WKUHH
UHSUHVHQWDWLYH ' SULQWLQJ V\VWHPV DQG FRQFOXGHG WKDW
PLQLPL]LQJ PDQXIDFWXULQJ WLPH LV FULWLFDO WR UHGXFH HQHUJ\
FRQVXPSWLRQ EXW WKHUH LV QR JHQHUDO UXOH IRU HQHUJ\
RSWLPL]DWLRQ IRU DOO V\VWHPV 6DQWRV HW DO GHYHORSHG D
GHFLVLRQFRPSXWDWLRQDOWRROLQWHJUDWLQJHFRGHVLJQSULQFLSOHV
DQG VWXGLHG HQHUJ\ XWLOL]DWLRQ LQ WKUHH W\SHV RI LQWHULRU SDUW
ILOOLQJVLQD)'0V\VWHP>@
/H %RXUKLV HW DO SUHVHQWV D QHZ PHWKRGRORJ\ ZKHUH
PDWHULDOIOXLGVDQGHQHUJ\IORZVFRQVXPHGDUHDOOFRQVLGHUHG
7KHLU UHVHDUFK ZDV EDVHG RQ D 'LUHFW /DVHU 6ROLG )RUPLQJ
'/6)SURFHVVZKHUHHQHUJ\FRQVXPSWLRQZDVGLYLGHGLQWR
WKUHHSDUWVIRUODVHUV\VWHPFRROLQJV\VWHPDQGPRWRUGULYHV
UHVSHFWLYHO\>@$SUHGLFWLYHPRGHOLQWHJUDWHGLQWKHGHVLJQ
VWHSZDVWKHQSURSRVHGIRUHQYLURQPHQWDO LPSDFWDVVHVVPHQW
>@ 0HWH\HU HW DO SUHVHQWHG DQ HQHUJ\ DQG PDWHULDO
FRQVXPSWLRQPRGHORID%-SURFHVVDQGYHULILHGWKHPRGHOLQ
WKUHH GLIIHUHQW SURFHVVHV SULQWLQJ FXULQJ DQG VLQWHULQJ >@
;X HW DO H[WHQGHG WKH UHVHDUFK DQG IRFXVHG RQ WKH SULQWLQJ
VWDJH RI %- SURFHVV 7KH WRWDO HQHUJ\ FRQVXPSWLRQ ZDV
PRGHOOHG DV D IXQFWLRQ RI SDUW JHRPHWU\ DQG SULQWLQJ
SDUDPHWHUVVXFKDVSDUWRULHQWDWLRQDQG OD\HU WKLFNQHVV>@
,Q PDWKHPDWLFDO DQDO\VLV FRQGXFWHG E\ 3DXO DQG $QDQG
HQHUJ\ ZDV FDOFXODWHG DV D IXQFWLRQ RI WKH WRWDO DUHD RI
VLQWHULQJDQGFRUUHODWHG WR WKHSDUWJHRPHWU\ OD\HU WKLFNQHVV
DQG EXLOG RULHQWDWLRQ >@ +RZHYHU RQO\ WKH ODVHU HQHUJ\
ZDVDQDO\]HGLQWKHLUUHVHDUFKZKLOHRWKHUHQHUJ\FRPSRQHQWV
VXFK DV KHDWLQJ HQHUJ\ SODWIRUP HQHUJ\ ZHUH LJQRUHG
%DXPHUVHWDOSUHVHQWHGDFRPSDUDWLYHDVVHVVPHQWRIHQHUJ\
XWLOL]DWLRQRI WZRODVHUVLQWHULQJV\VWHPV>@,Q WKHLUVWXG\
HQHUJ\ ZDV GLYLGHG LQWR IRXU W\SHV MREGHSHQGHQW WLPH
GHSHQGHQW JHRPHWU\GHSHQGHQW DQG =KHLJKWGHSHQGHQW
HQHUJ\FRPSRQHQWV$PRQJWKHPWLPHGHSHQGHQWFRPSRQHQW
ZDVLGHQWLILHGDVWKHPDLQFRQWULEXWRU6WUDQRHWDO>@WRRN
SURGXFWTXDOLW\LHVXUIDFHURXJKQHVVLQWRFRQVLGHUDWLRQDQG
GHYHORSHG D FRPSXWDWLRQDO PHWKRGRORJ\ IRU VLPXOWDQHRXV
PLQLPL]DWLRQ RI VXUIDFH URXJKQHVV DQG HQHUJ\ FRQVXPSWLRQ
)UDQFRDQG5RPROLHYDOXDWHGWKHHIIHFWRIWKHHQHUJ\GHQVLW\
LQ SURFHVVLQJ RI WZR SRO\PHULF PDWHULDOV E\ DQDO\]LQJ WKH
JHRPHWULFDO IHDWXUHV RI OLQHDU VLQWHUHG VWUXFWXUHV 7KH
YROXPHWULF SURGXFWLYLW\ DQG WKH HQHUJ\ LQWHQVLW\ RI WKH
SURFHVV ZHUH FDOFXODWHG >@ 7HOHQNR DQG 6HHSHUVDG
FRQVLGHUHG HQHUJ\ FRQVXPSWLRQ LQ ERWK PDWHULDO UHILQHPHQW
DQG SDUW SULQWLQJ SURFHVVHV DQG FRPSDUHG 6/6 ZLWK DQ
LQMHFWLRQ PROGLQJ SURFHVV 7KH UHVXOWV LQGLFDWHG WKDW WKH
PDQXIDFWXUHUVPD\ VDYHHQHUJ\XVLQJ6/6IRU VPDOOYROXPH
SURGXFWLRQ>@
%DVHGRQDERYHPHQWLRQHGZRUNVLWLVHYLGHQWWKDWUHVHDUFK
RQ HQHUJ\ DQDO\VLV DQG HVWLPDWLRQ DVZHOO DV HQYLURQPHQWDO
LPSDFW DVVHVVPHQW RI ' SULQWLQJ SURFHVVHV LV VWLOO ODFNLQJ
0RVWUHVHDUFKRQO\FRQVLGHUVRQHVSHFLILFSURFHVVRUHYHQRQH
VWDJH RI LW 7KH UHODWLRQVKLS EHWZHHQ HQHUJ\ XWLOL]DWLRQ DQG
GHVLJQ SDUDPHWHUVSULQWLQJ FRQILJXUDWLRQV LV XQFOHDU
7KHUHIRUHDFORVHDQDO\VLVRIHQHUJ\XWLOL]DWLRQLVLQGHPDQG
(QHUJ\DQDO\VLV
)LUVWO\ WKH DQDO\WLFDO DSSURDFK SURSRVHG E\ 0XQR] DQG
6KHQJ>@IRUFXWWLQJWHFKQRORJLHVLVERUURZHGWRGHWHUPLQH
WKH HQYLURQPHQWDO DQDO\VLV GLPHQVLRQV RI ' SULQWLQJ
SURFHVVHV )LJXUH  LOOXVWUDWHV WKH WKUHH DQDO\VLV GLPHQVLRQV
LHHQHUJ\GLPHQVLRQPDWHULDOGLPHQVLRQDQGWLPHGLPHQVLRQ
(QHUJ\ LQWDNH LV EDVLFDOO\ DWWULEXWHG WR HOHFWULF HQHUJ\ DQG
PDWHULDOHPEHGGHG HQHUJ\ ,Q SULQWLQJ SURFHVVHV HOHFWULF
HQHUJ\ LV WUDQVIRUPHG LQWR WKHUPDO DQG PHFKDQLFDO HQHUJ\
DQG GLVFKDUJHG PDLQO\ DV KHDW ORVV ,Q PDWHULDO GLPHQVLRQ
SULPDU\PDWHULDOQRUPDOO\UHIHUVWRWKHUHTXLUHGPDWHULDORID
SULQWHG SDUW ZKLFK FRXOG EH D PL[ RI VHYHUDO PDWHULDOV LQ
SULQWLQJ SURFHVVHV 6XSSRUW VWUXFWXUH RU ELQGHU PDWHULDO LV
JHQHUDOO\ FRQVLGHUHG DV DX[LOLDU\ PDWHULDO 7KH ³ZDVWH´
PDWHULDO VRPHWLPHV FDQ EH UHF\FOHG DQG UHSURGXFHG )RU
LQVWDQFH WKH SRO\PHU ILODPHQW FDQ EH IDEULFDWHG IURP SRVW
FRQVXPHU SODVWLF ZDVWH EHVLGHV IURP YLUJLQ UHVLQV 7KH
PHDQLQJRISULQWLQJWLPHLVVWUDLJKWIRUZDUG

3ULQWLQJ7LPH
(QHUJ\:DVWH
(QHUJ\,QWDNH
3ULQWLQJ
0DWHULDO 3ULQWHG3DUW
3ULPDU\:DVWH
6HFRQGDU\:DVWH
$X[LOLDU\
0DWHULDO
7KHUPDO(OHFWURPDJQHWLF
Energy Dimension
M
aterial D
im
ension
(OHFWULF0HFKDQLFDO
7LPHRI%HJLQ
'3ULQWLQJ
3URFHVV
&KHPLFDO

)LJXUH(QYLURQPHQWDODQDO\VLVGLPHQVLRQVRI'SULQWLQJSURFHVVHV
PRGLILHGIURP>@
$JDLQ WDNH WKH)'0SULQWHU )LJXUH  DV DQ H[DPSOH D
SDUW LV SULQWHG E\ H[WUXGLQJ VPDOO EHDGV RI PDWHULDOV WKDW
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KDUGHQ LPPHGLDWHO\ WR IRUPOD\HUV$ WKHUPRSODVWLF ILODPHQW
RU PHWDO ZLUH FRLO LV XQUHHOHG WR EH VXSSOLHG WR D KHDWHG
H[WUXVLRQ QR]]OH KHDG D[LV GULYH PRWRUV DUH HPSOR\HG WR
PRYHWKHKHDGDQGDGMXVWWKHIORZ3UHKHDWLQJDQGFRROLQJRI
WKHZRUNWDEOHLVDOVRUHTXLUHGLQVRPHSULQWLQJSURFHVVHV7KH
WRWDOHQHUJ\FRQVXPSWLRQLVGHFRPSRVHGLQWRWZRSDUWVLQWKLV
UHVHDUFKSULPDU\HQHUJ\DQGVHFRQGDU\HQHUJ\
3.1. Primary energy 
3ULPDU\ HQHUJ\ UHSUHVHQWV WKH HQHUJ\ UHTXLUHG WR FKDQJH
WKHPDWHULDOIRUPDQGSURSHUWLHVLQDSULQWLQJSURFHVVFDQDOVR
EHUHJDUGHGDVLQWULQVLFRUGLUHFWSULQWLQJHQHUJ\,Q)'0LWLV
WKHHVVHQWLDOHQHUJ\WRKHDWWKHWKHUPRSODVWLFVSDVWWKHLUJODVV
WUDQVLWLRQ WHPSHUDWXUH WRPHOW WKHPDWHULDO7KLV LV WKHEDVLF
PDWHULDOGHSHQGHQWHQHUJ\FRPSRQHQW
)RU FU\VWDOOLQH PDWHULDO RU HXWHFWLF PL[WXUH ZKLFK KDV D
IL[HG WHPSHUDWXUH LQ WKH PHOWLQJ VWDJH PHOWLQJ SRLQW WKLV
SDUW FRQVLVWV RI WZR VXEFRPSRQHQWV WKDW LV KHDWLQJ HQHUJ\
Qheating DQGPHOWLQJHQHUJ\Qmelting7KH\FDQEHFDOFXODWHGDV

heatingQ c m t    ' 
ZKHUHQheating±KHDWLQJHQHUJ\J
c±VSHFLILFKHDWFDSDFLW\ kJ kg C q 
m±PDVVRIWKHPDWHULDOkg
t' WHPSHUDWXUHGLIIHUHQFHCq 

meltingQ q m  
ZKHUHQmelting±PHOWLQJHQHUJ\J
qHQWKDOS\RIIXVLRQJ/kg

)RU QRQFU\VWDOOLQH PDWHULDO VXFK DV $FU\ORQLWULOH
%XWDGLHQH6W\UHQH$%6WKHWHPSHUDWXUHNHHSULVLQJGXULQJ
WKH PHOWLQJ SURFHVV WKHUHIRUH RQO\ (TXDWLRQ  FDQ EH
DSSOLHG 1HYHUWKHOHVV LQ SUDFWLFHV LW FDQ EH LQGLUHFWO\
FDOFXODWHGE\WKHHQHUJ\XWLOL]DWLRQRIWKHQR]]OHKHDGKHDWHU
DVH[SUHVVHGLQ(TXDWLRQ

meltingE V P v dS     
ZKHUHEmelting±HQHUJ\XWLOL]DWLRQRIWKHQR]]OHKHDGKHDWHULQ
WKHPHOWLQJVWDJHJ
V±YROXPHRIWKHSULQWHGPDWHULDOmm3
P ±SRZHURIWKHKHDWHUW
v±IHHGUDWHRIWKHIHHGUROOHUm/s
d±GLDPHWHURIWKHILODPHQWmm
3.2. Secondary energy 
7KHRWKHUSDUWRIHQHUJ\FRQVXPSWLRQ LVFDOOHGVHFRQGDU\
HQHUJ\ ZKLFK PHDQV WKH HQHUJ\ QHHGHG E\ DQFLOODU\
FRPSRQHQWVVXFKDVGULYHPRWRUVRUWDEOHZDUPXSWRUHDOL]H
DQG VXSSRUW WKH SULQWLQJSURFHVV ,W FDQEH FRQVLGHUHG DV LQ
GLUHFWSULQWLQJHQHUJ\7KLVSDUW LVSURFHVVGHSHQGHQWHQHUJ\
FRPSRQHQWZKLFKKLJKO\LQIOXHQFHGE\WKHFDSDELOLW\RID'
SULQWHUFRQVXPHUFRPSRQHQWVSURGXFWGHVLJQJHRPHWU\DQG
GLPHQVLRQV DQG SULQWLQJ VHWWLQJV DQG FRQGLWLRQV OD\HU
WKLFNQHVV DQG SDUW RULHQWDWLRQ 7KH HQHUJ\ FRQVXPSWLRQ RI
QHFHVVDU\ HQYLURQPHQW VDIHW\ HTXLSPHQW VXFK DV YHQWLODWLRQ
V\VWHPLVDOVRLQFOXGHG
)LJXUH  GHSLFWV DQ DFWLYLW\EDVHG PRGHO UHSUHVHQWLQJ
GLIIHUHQW VWDJHV RI D FRPSOHWH SULQWLQJ SURFHVV (QHUJ\
FRQVXPSWLRQ LQ HDFK DFWLYLW\ VKRZV GLVWLQFW FKDUDFWHULVWLFV
%DVHGRQH[LVWLQJUHVHDUFKWKHUHDUHIRXUPDLQDFWLYLWLHVLQD
W\SLFDO ' SULQWLQJ SURFHVV RQ WKH OHIWKDQG VLGH WKDW LV
VHWXSSUHKHDWLQJSULQWLQJDQGFRROLQJ3ULQWLQJSURFHVVFDQ
EH IXUWKHU GLYLGHG LQWR IRXU VXEFRPSRQHQWV GULYH D[LV
KHDWLQJ DQG PHOWLQJ PDWHULDO VXSSO\ DQG PLVFHOODQHRXV
FRPSRQHQW $PRQJ WKHP KHDWLQJ DQG PHOWLQJ LV SULPDU\
HQHUJ\ GDUNHQ 6WDWHEDVHG DSSURDFKHV HJ GLVFUHWH HYHQW
PRGHOLQJ VWDWHWUDQVLWLRQ PRGHOLQJ FDQ EH XVHG WR GLYLGH
WRWDO HQHUJ\ FRQVXPSWLRQ LQWR PDFKLQHFRPSRQHQWEDVHG
SDUWVHJHQHUJ\FRQVXPSWLRQRIQR]]OHKHDWHUGULYHPRWRUV
DQGFRROLQJV\VWHP$QRWKHUILYHVXSSRUWLQJDFWLYLWLHVRQWKH
ULJKWKDQG VLGH SURGXFW FOHDQLQJ PDWHULDO SRVWSURFHVVLQJ
UHSURFHVVLQJ SUHSDUDWLRQ DQG LQYHQWRU\ DUH FORVHO\ UHODWHG
DQGVKRXOGEHLQFOXGHG WRDQDO\]HHQHUJ\XWLOL]DWLRQRID'
SULQWLQJSURFHVVIURPDOLIHF\FOHSHUVSHFWLYH
3URGXFW FOHDQLQJ LV GLIIHUHQW IURP WKH QHFHVVDU\ FOHDQLQJ
EHIRUH WKH SULQWLQJ SURFHVV KDSSHQV ,W LV WR UHPRYH WKH
VXSSRUW VWUXFWXUH FOHDQ WKH PDWHULDO UHVLGXH DQG VRPHWLPHV
SHUIRUP DGGLWLRQDO VXUIDFH SURFHVVLQJ WR PHHW WKH TXDOLW\
UHTXLUHPHQWV 7KH FOHDQRXW PDWHULDO FDQ EH UHF\FOHG DQG
SUHSDUHGIRULQYHQWRU\DIWHUSRVWSURFHVVLQJDQGUHSURFHVVLQJ
+RZHYHU WKHVH ILYH VXSSRUWLQJ DFWLYLWLHV DUH H[FOXGHG LQ
FXUUHQWUHVHDUFKVFRSH
0DWHULDO,QYHQWRU\
3UHKHDWLQJ:DUPXS
&RROLQJ3URFHVV
0DWHULDO3RVW
SURFHVVLQJ
3URGXFW&OHDQLQJ
0DWHULDO5H
SURFHVVLQJ
0DWHULDO3UHSDUDWLRQ0
DWHULDO6XSSO\
'
ULYHD[HV
+
HDWLQJDQG0
HOWLQJ
:DVWHDQG(PLVVLRQV
3ULQWLQJ3URFHVV
(QHUJ\,QSXW
6HWXS
0
LVFHOODQHRXV
0
DWHULDO6XSSO\
5HF\FOHG
0DWHULDO
5HSURGXFHG
0DWHULDO

)LJXUHDSURFHVVPRGHOIRUHQHUJ\DQDO\VLV
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6XSSRUWGHFLVLRQPDNLQJ
7KH OD\HUEDVHG SURGXFW EXLOGLQJ PHFKDQLVP RI '
SULQWLQJ DOWHUV WKH RYHUDOOPDQXIDFWXULQJ SURFHVVZKLFK KDV
DQ LPSDFW RQ WKH GHFLVLRQPDNLQJ LQ UHVSHFW RI HQHUJ\
XWLOL]DWLRQ 7KH UROH RI SURGXFW GHVLJQ EHFRPHV HYHQ PRUH
LPSRUWDQWLQGHWHUPLQLQJWKHDFWXDOHQHUJ\FRQVXPSWLRQWKDQ
WKDWLQVXEWUDFWLYHPDQXIDFWXULQJSURFHVVHV&$'PRGHOVFDQ
EHVDYHGDV6WDQGDUG7HVVHOODWLRQ/DQJXDJH67/ILOHRUEH
SURFHVVHG LQWR DFFHSWHG SULQWLQJ IRUPDW VXFK DV REM ILOH
RUDPIILOHDQGGLUHFWO\XVHGDVLQSXWWRD'SULQWHU,QWKLV
ZD\ WKH FRQQHFWLRQ EHWZHHQ SURGXFW GHVLJQ DQG
PDQXIDFWXULQJ LV VKRUWHQHG $0) VWDQGV IRU $GGLWLYH
0DQXIDFWXULQJ )LOH ZKLFK LV DQ ;0/EDVHG RSHQ VWDQGDUG
IRUGHVFULELQJREMHFWVIRU'SULQWLQJ,WKDVQDWLYHVXSSRUWIRU
FRORU PDWHULDOV ODWWLFHV DQG FRQVWHOODWLRQV >@ 2SWLPDO
HQHUJ\ XWLOL]DWLRQ FDQ EH LQFRUSRUDWHG LQ &$' PRGHO
SURFHVVLQJVOLFLQJDQGSULQWLQJVHWXS
)LJXUH  GHPRQVWUDWHV KRZ HQHUJ\ FRQVXPSWLRQ VXSSRUWV
HQYLURQPHQWDO LPSDFW DVVHVVPHQW (QHUJ\ DQG PDWHULDO
FRQVXPSWLRQ HYDOXDWLRQ FDQ EH SHUIRUPHG EDVHG D SULQWLQJ
SURJUDP WKHQ WKHLU SHUIRUPDQFH LQGLFDWRUV DUH LQSXW WR
HQYLURQPHQWDO DVVHVVPHQW IRU ILQDO VFRUH FDOFXODWLRQ
)HHGEDFN IURP RSWLPL]DWLRQ SURFHVVHV HQDEOHV ERWK SDUW
GHVLJQDQGSURJUDPPRGLILFDWLRQV

$
3URGXFW'HVLJQ
$
3ULQWLQJ
3URJUDP
$
(QHUJ\
&RQVXPSWLRQ
(YDOXDWLRQ
$
0DWHULDO
&RQVXPSWLRQ
(YDOXDWLRQ
$
(QYLURQPHQWDO
,PSDFW
$VVHVVPHQW
$
0DWHULDODQG
(QHUJ\
2SWLPLVDWLRQ
'HVLJQ0RGLILFDWLRQ
3URJUDP0RGLILFDWLRQ
6FRUH
&$'WRROV
3URGXFW6SHFLILFDWLRQV
3URGXFW3DUDP
HWHUV
0
DWHULDO3URSHUWLHV
4
XDOLW\5
HTXLUHP
HQWV
&$'PRGHO
7R'3ULQWHUV
67/*FRGHRU$0)
&$0WRROV
'3ULQWHU6SHFLILFDWLRQV
(QHUJ\'DWDRID'3ULQWHU
7RWDO(QHUJ\&RQVXPSWLRQ
(QHUJ\3HUIRUPDQFH,QGLFDWRU
0DWHULDO3HUIRUPDQFH,QGLFDWRU
(QHUJ\PRGHOVRID'3ULQWLQJ3URFHVV
/&$VRIWZDUH
,QGH[

)LJXUH,'()PRGHOIRUHQYLURQPHQWDOLPSDFWDVVHVVPHQW
$OWKRXJKSURGXFWTXDOLW\LVUDQNHGWKHILUVWRILPSRUWDQFH
D UHOLDEOH HQHUJ\ SUHGLFWLRQ LV D FULWLFDO IDFWRU LQ PXOWL
REMHFWLYH GHFLVLRQPDNLQJ ,Q RWKHU ZRUGV JRRG TXDOLW\ RI
SURGXFW PD\ GHWHUPLQH WKH VXUYLYDO DQG H[LVWHQFH RI D
FRPSDQ\ EXW HIILFLHQW HQHUJ\ XWLOL]DWLRQ ZLOO HQKDQFH D
FRPSDQ\¶VFRPSHWLWLYHQHVV)XUWKHUPRUHVHYHUDO'SULQWLQJ
SURFHVVHVFDQEHH[HFXWHGFRQFXUUHQWO\DQG LQWHUFKDQJHDEO\
6DPHSDUWHJVDPHVWOILOHFDQDOZD\VEHHDVLO\SULQWHGRQ
GLIIHUHQW SULQWHUV ZLWK FRQVLVWHQW DFFXUDF\ RQ WKH FRQWUDU\
HQHUJ\ FRQVXPSWLRQ XVLQJ GLIIHUHQW SULQWHUV PD\ GLIIHU
VLJQLILFDQWO\
+HUH WKHRYHUDOOREMHFWLYH LV WRDFKLHYHRSWLPL]HGHQHUJ\
HIILFLHQF\ PLQLPL]HG HQYLURQPHQWDO LPSDFW LQ ' SULQWLQJ
SURFHVVHV PHHWLQJ WKH UHDVRQDEOH TXDOLW\ UHTXLUHPHQWV
)LJXUH  SUHVHQWV D JHQHUDOL]HG PHWKRGRORJ\ IRU PXOWL
REMHFWLYH RSWLPL]DWLRQ FRQVLGHULQJ SURGXFW TXDOLW\ WRWDO
HQHUJ\ FRQVXPSWLRQ DQG HQYLURQPHQWDO LPSDFW 8QOLNH D
FRQYHQWLRQDO PXOWLREMHFWLYH RSWLPL]DWLRQ SURFHVV WKHVH
REMHFWLYHV DUH QRWZHLJKWHG DQG FRPELQHG DV RQH REMHFWLYH
LQVWHDGWKH\DUHHYDOXDWHGLQDVHULDOPDQQHU3DUDPHWHUVDUH
ILUVWGHFLGHGEDVHGRQ LQLWLDO&$'DQGXVHG LQPRGHOEDVHG
HQHUJ\HYDOXDWLRQ,IQRRSWLPDOHQHUJ\LVDFKLHYHGWKHQLWLV
UHFRPPHQGHG WRSHUIRUPHQHUJ\RSWLPL]DWLRQ+RZHYHU WKH
PRGLILHG VHWWLQJV DUH RQO\ SURFHHGHG WR WKH HQYLURQPHQWDO
LPSDFW DVVHVVPHQW VWDJH DIWHU WKH\ VDWLVI\TXDOLW\SUHGLFWLRQ
,QVRPHFDVHVUHGHVLJQRIWKHSURGXFWLVVXJJHVWHG

4XDOLW\3UHGLFWLRQ
6DWLVIDFWRU\"
6WDUW
)LQLVK
(QHUJ\
0RGHOV
(QHUJ\
'DWDEDVH
3URGXFW
5HTXLUHPHQWV
(QHUJ\3UHGLFWLRQ
0RGHO3URFHVVLQJ
2SWLPDO"
(QYLURQPHQWDO
,PSDFW
$VVHVVPHQW
3DUDPHWHUV
6HWWLQJV
3URGXFW
'HVLJQ
3URGXFW
5HGHVLJQ
$FFHSWDEOH"
'3ULQWLQJ
3URFHVV
<HV
(QHUJ\
2SWLPLVDWLRQ
1R
<HV
1R
1R
5HGHVLJQDEOH"
<HV
1R
/&,
'DWDEDVH
<HV

)LJXUHIORZFKDUWRIDQHQHUJ\LQIRUPHGGHFLVLRQPDNLQJSURFHVV
,W LV ZRUWK QRWLQJ WKDW ' SULQWLQJ LV D XELTXLWRXV
PDQXIDFWXULQJ WHFKQRORJ\PXFK FORVHU WR SHUVRQDO XVHUV VR
IXOOXQGHUVWDQGLQJVRILWVHQHUJ\XWLOL]DWLRQDQGHQYLURQPHQWDO
LPSDFWDUHFUXFLDOSDUWLFXODUO\WKHKHDOWKDQGVDIHW\UHODWHG
LVVXHV )RU LQVWDQFH YHQWLODWLRQ V\VWHP LV XVXDOO\ DPXVW WR
GLVFKDUJHXOWUDILQHSDUWLFOHV
&RQFOXVLRQV
:LWK WKH GHYHORSPHQW RI WKUHH GHFDGHV ' SULQWLQJ
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